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ABSTRACT  
 
Biomimetic membranes are a novel alternative that may address issues inorganic scaling, 
biofouling, and membrane vulnerability to chemicals currently plaguing membranes.  They 
mimic cell membranes and incorporate membrane proteins, such Aquaporin Z (AqpZ).  
PMOXA-PDMS-PMOXA (ABA) triblock co-polymers have demonstrated similar properties as 
phospholipids and incorporate AqpZ.  Previous research conducted on AqpZ:ABA vesicles 
showed permeabilities exceeding commercial RO membranes and high selectivity.  These 
properties make biomimetic materials promising for RO, but investigation of their long-term 
chemical and physical stability under water treatment conditions is needed to assess their 
feasibility for use in desalination membranes.  
 
In order to investigate the stability of biomimetic materials, phospholipid and biomimetic 
polymer vesicles at pH 7.2 were prepared with and without AqpZ using film-hydration 
techniques and stored at room temperature.  Their formation was confirmed by Transmission 
Electron Microscopy.  Size and uniformity were measured using Dynamic Light Scattering.  
Stopped-flow testing was used to monitor vesicle permeability and for selectivity measurements.   
 
Phospholipid and ABA polymer vesicles remained stable in size, uniformity, and 
permeability over the course of several months in conditions typical in water treatment.  
Fluorescence leakage assays on vesicles were inconclusive.   The incorporation of AqpZ into 
lipid vesicles improved their permeabilities over lipid-only vesicles up to 200 days, but these 
effects diminished over time.  This implies limited protein stability.  Vesicles with AqpZ showed 
fluctuations in size and permeability over time.   Lipid-AqpZ vesicles demonstrated high 
selectivity of monovalent ions and slightly lower selectivity of divalent ions.  Varying salinity 
levels in PBS did not affect vesicle selectivity or time stability over 5 weeks.  Vesicles prepared 
in artificial seawater fluctuated in size, uniformity, and permeability over time.  These vesicles in 
seawater also showed lower rejection of NaCl.  Seawater effects were likely caused by Ca2+ ions.  
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Lipid and polymer vesicles show great potential for the use of biomimetic materials in 
desalination membranes, as demonstrated by their long-term stability and high selectivity under 
water treatment conditions and various salinity levels, and their increased permeabilities with 
AqpZ addition.  Material constraints prevented a thorough assessment of ABA3 and AqpZ, so 
more stability tests are needed to better characterize their long-term stability over time and in 
desalination conditions.  It is not clear what effects seawater might have on a planar, supported 
lipid bilayer, nor have its effects on polymer membranes been thoroughly evaluated, although 
initial experiments suggest resistance rupture by Ca2+ ions.  If membranes made with these 
materials are feasible for use in RO membranes, their low operating energy requirements will 
likely promote widespread applicability in water treatment. 
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CHAPTER 1 – INTRODUCTION 
 
The demand for potable water is outpacing the current supply, with over 1 billion people 
worldwide without adequate clean drinking water (Greenlee, et al. 2009).  Potable water supplies 
may be augmented through alternative water treatment methods.  Most raw water sources can be 
readily treated to produce potable water.  However, these sources are diminishing, so alternative 
sources need to be considered.  Saltwaters, such as seawater or brackish waters, are abundant and 
can be treated to replenish potable water supplies, but treating saltwaters for potable use is more 
challenging.  Saltwater is converted to potable water by removing enough salt to produce water 
that is suitable for human use; this process is referred to desalination.  Salinities of brackish or 
seawater sources vary widely, with total dissolved salinity (TDS) levels ranging from 1,000 mg/l 
NaCl for brackish waters to 60,000 mg/l NaCl for seawater sources.  Desalination processes must 
remove enough salts to produce potable effluents with salinities between 250 and 500 mg/l NaCl, 
as mandated by most drinking water regulations (Greenlee, et al. 2009).   
 
Desalination methods include thermal and membrane processes (Tsiourtis 2001).  
Thermal processes evaporate and collect pure water from saltwater, and typically require high 
operating temperatures.  Thermal processes include multi-stage flash, multi-effect, and vapor 
compression distillation (Tsiourtis 2001).  Membrane processes physically remove salts from 
saltwater using membranes, leaving pure water for potable use.  Operating these membranes 
requires high pressures.  Electrodialysis, and nanofiltration or reverse osmosis (NF/RO) are 
membrane processes (Tsiourtis 2001, Greenlee, et al. 2009, Gude, Nirmalakhandan and Deng 
2010).  Because of high pressure or temperature requirements, desalination typically uses much 
more energy than conventional water treatment methods.  This energy requirement can comprise 
25-40% of total plant cost (Tsiourtis 2001), resulting in high and volatile costs that can 
discourage widespread application of desalination.  Currently, the most common desalination 
methods are multi-stage flash distillation and NF/RO (Tsiourtis 2001).  The need for augmenting 
potable water supplies has encouraged the adoption of desalination, and NF/RO appears to be the 
most promising method (Greenlee, et al. 2009). 
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NF/RO membranes have many small pores.  Typical pore sizes are 10-9-10-8 m and 10-10-
10-9 m for NF and RO membranes, respectively (Greenlee, et al. 2009).  Ideal NF/RO membranes 
provide high water permeability along with high selectivity and ion rejection (Greenlee, et al. 
2009).  However, these properties contradict one another; high permeability usually requires 
large pore sizes that can undermine selectivity and rejection characteristics.  This poses a 
challenge to optimizing these membranes.  The small pores sizes of NF/RO membranes push 
operating pressures up to a range of 600 to 8000 kPa (Greenlee, et al. 2009).  To decrease the 
constituent loading on NF/RO membrane and membrane operating pressures, raw water is 
usually pretreated (Elimelech 2011, Tsiourtis 2001, Greenlee, et al. 2009).  Also, even though 
NF/RO produces high quality effluent, it is often treated further, usually with disinfection, before 
its distribution for potable use (Tsiourtis 2001).  Pre- and post-treatment requirements can add to 
the already high costs of NF/RO, which further discourages its widespread adoption. 
  
Because energy usage comprises a large portion of desalination costs, process 
improvements have focused on energy reductions.  To reduce the energy usage requirements of 
NF/RO processes, operational changes have been tested and implemented, including: recovery 
and reuse of energy generated by NF/RO, use of more efficient pumps (Elimelech 2011), 
(Tsiourtis 2001), use of more permeable membranes (Elimelech 2011, Tsiourtis 2001), hybrid 
systems (Gude, Nirmalakhandan and Deng 2010), use of microfiltration membranes to improve 
pretreatment and decrease constituent loading to NF/RO (Greenlee, et al. 2009, Gude, 
Nirmalakhandan and Deng 2010), and other operational changes (Elimelech 2011, Greenlee, et 
al. 2009).  While these advances have been significant, additional energy reductions may be 
needed to encourage widespread use of NF/RO technology.  Renewable energy sources have 
been extensively studied as an alternative to further energy reductions in NF/RO; these sources 
include photovoltaic solar (Tsiourtis 2001, Greenlee, et al. 2009, Gude, Nirmalakhandan and 
Deng 2010), wind (Tsiourtis 2001, Greenlee, et al. 2009, Gude, Nirmalakhandan and Deng 
2010), geothermal (Gude, Nirmalakhandan and Deng 2010), and wave energy (Gude, 
Nirmalakhandan and Deng 2010). 
 
While more improvements to energy efficiency may be possible, the opportunities to gain 
greater efficiency are limited.  Some even suggest that current technologies have already reached 
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the limits of permeability and energy efficiency for desalination, and factors other than energy 
usage should be examined to improve the effectiveness and widespread applicability of NF/RO 
(Elimelech 2011).  For instance, NF/RO membranes are vulnerable to inorganic and organic 
fouling.  Inorganic fouling refers to scaling/precipitation, and organic fouling refers to biological 
growth, i.e., biofouling (Elimelech 2011, Greenlee, et al. 2009).  Thus, membranes require 
frequent cleaning with harsh chemicals that weaken them through repeated exposure (Elimelech 
2011, Tsiourtis 2001, Greenlee, et al. 2009).  Both membrane fouling and deterioration can 
decrease effluent production and/or quality.  Therefore, research on novel materials for 
membranes that can combat fouling and/or resist chemical attack can improve their performance 
in water treatment.  Other advances in NF/RO target improvements to contaminant rejection, 
specifically boron (Elimelech 2011, Greenlee, et al. 2009); disinfection by-products (Greenlee, et 
al. 2009); and pharmaceuticals and endocrine-disrupting compounds (Greenlee, et al. 2009). 
 
Biomimetic membranes are a novel alternative that may address energy consumption, 
membrane fouling, chemical vulnerability, and contaminant rejection issues currently plaguing 
NF/RO technologies.  Biomimetic membranes refer to membranes that mimic cell membranes, 
which are largely comprised of phospholipids.  These synthetic membranes also incorporate 
membrane proteins, in particular the water channel protein Aquaporin Z (AqpZ).  PMOXA-
PDMS-PMOXA (ABA) triblock co-polymers have demonstrated similar properties as 
phospholipids, including the ability to incorporate AqpZ.  Previous research conducted by 
Kumar et al. (2007) showed that AqpZ:ABA membranes had permeabilities exceeding those of 
commercial NF/RO membranes, as well as high selectivity and ion rejection properties.  Because 
PMOXA-PDMS-PMOXA is a synthetic polymer, it may also be more resistant to deterioriation 
by harsh chemicals.  Furthermore, the use of zwitterionic phospholipids and/or polymers (like 
PMOXA-PDMS-PMOXA), which have both negative and positive charges, could mitigate 
fouling (Elimelech 2011).  Based on these properties, these biomimetic materials look promising 
for NF/RO, but an investigation of their long-term chemical and physical stability under water 
treatment conditions is needed to assess their feasibility for use in desalination membranes.  
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Lipids.   
 
Phospholipids make up cell membranes.  They can insert amphiphilic cell membrane 
proteins (Riaz 1995) such as AqpZ.  Lipid membranes with inserted proteins are referred to as 
biological membranes.  Biological membranes have potential for use as membranes for water 
treatment (Wang, et al. 2011) and as drug-delivery vehicles in medicine (Barenholz 2001).  Thus, 
a characterization of their stability is needed to evaluate their suitability for these applications.  
More importantly, understanding biological membrane characteristics provides a benchmark or 
basis for studying biomimetic membranes (Eeman 2010). 
 
Biological membranes made with phospholipids can be prepared in a controlled setting. 
Phospholipids in aqueous solutions with concentrations exceeding 10-6-10-9M form amphiphilic 
bilayers and self-assemble into vesicles (Jesorka and Orwar 2008), called liposomes, which can 
be inserted with AqpZ.  These liposomes can be uni- or multi-lamellar (Jesorka and Orwar 
2008).  Unilamellar liposomes have membrane wall thicknesses on the order of 3-4 nm (Lee, et 
al. 2001).  Properties, and more importantly stability, of biological membranes can be effectively 
monitored in vesicle form. 
 
Polymers   
 
Amphiphilic triblock co-polymers share some similar properties to phospholipids.  In 
particular, the triblock co-polymer PMOXA-PDMS-PMOXA forms membranes and incorporates 
membrane proteins (Kumar, et al. 2007, Discher and Eisenberg 2002).  These properties make 
polymers promising for use in biomimetic membranes for desalination. 
 
Co-polymers consist of multiple polymer chains that are covalently bonded (Discher and 
Ahmed 2006).  PMOXA-PDMS-PMOXA consists of 3 separate co-polymer blocks.  They are 
configured in a hydrophilic-hydrophobic-hydrophilic profile, where the 2 hydrophilic blocks are 
comprised of the same co-polymer (Kumar, et al. 2007).  The respective lengths of the 
hydrophilic and hydrophobic blocks can vary for different polymers.  Because of these 
amphiphilic properties similar to phospholipid bilayers, PMOXA-PDMS-PMOXA polymers can 
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self-assemble into vesicular structures similar to cells, called biomimetic polymersomes (Discher 
and Ahmed 2006, Discher and Eisenberg 2002, Discher, et al. 1999).  These vesicles can be 
inserted with membrane proteins, similar to liposomes (Kumar, et al. 2007, Discher and 
Eisenberg 2002).  Polymer properties, and also stability, can be effectively evaluated with 
polymer vesicles (Discher, et al. 1999).  Polymer vesicle formation (Discher and Eisenberg 
2002) and shape (Discher and Ahmed 2006) are dependent on the ABA polymer’s hydrophilic 
and hydrophobic block lengths.  Wall thickness for polymer membranes are dependent on their 
molecular weight, which varies from 2,000 to 20,000 Da (Discher and Ahmed 2006).  Because 
of these large molecular weights, the typical wall thicknesses of polymer vesicles, at 8-21 nm, 
are larger than those for liposomes, at 3-5 nm (Discher and Eisenberg 2002).  
 
Measures of Vesicle Stability 
 
The current research literature was reviewed to investigate measures of lipid and polymer 
vesicle stability.  Most of the studies were on liposomes; research on polymer vesicles was 
limited.  Polymer vesicles are structurally similar to liposomes, so their stability is expected to be 
comparable.  In fact, one study indicates that polymer vesicles are more stable than liposomes 
(Discher, et al. 1999).  
 
Stability can be characterized by monitoring vesicle size and size uniformity; vesicle 
permeability; selectivity and ion rejection; material encapsulation and leakage; and membrane 
wall mechanical properties.   Large-scale property changes over time may indicate vesicle 
destabilization through aggregation and/or fusion.  
 
Size and Distribution 
 
The easiest and most common method of evaluating vesicle stability is tracking their size 
and size distribution.  The average size and size distribution of stable, intact vesicles are not 
expected to change over time.  Changes in size and distribution may indicate vesicle 
destabilization. 
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Liposome sizes can range from 20 to 200 nm (Jesorka and Orwar 2008).  Research shows 
varying results on liposome stability.  Several liposome studies indicate liposome size stability in 
neutral pH and/or temperatures 10-30°C conditions typical in water treatment.  For example, 
Phosphatidylcholine (PC) liposomes were observed to be size stable after 3 months’ storage at 4-
30°C and pH 6-10, and after 5 months in 4°C (Thompson, Haisman and Singh 2006).  PC and 
80:20 mol%/mol% PC:phosphatidylserine (PS) liposomes showed size stability after 6 months at 
4°C and pH 7.4, but showed size increases after 8 months (Yohannes, et al. 2006).  Various 
liposomes containing PC exhibited stability in size and size uniformity for 40 days at 60°C and 
pH 7.0 (Grit and Crommelin 1992), showing that liposomes did not degrade even at higher 
temperatures.  Large unilamellar vesicles (LUV), classified as having a diameter of 
approximately 50 nm or larger, formed with n-Dodecyl β-D-maltoside (DDM) were observed to 
be size stable over 2 months (Szoka and Papahadjopoulos 1980).  In contrast, PC-cholesterol 
liposomes increased up to 800% of original size over a 6-month period at 25°C and pH 7.4 (du 
Plessis 1996).  Limited time-scales and inconsistency of previous research indicates that long-
term liposome size stability warrants further study.     
 
Analogous to lipid vesicles, polymer vesicle sizes typically range from 100nm (Discher 
and Eisenberg 2002) to 200nm (Discher, et al. 1999) in diameter.  Information on the size and 
uniformity of PMOXA-PDMS-PMOXA vesicles is limited.  PMOXA-PDMS-PMOXA vesicles 
showed an average diameter of 160 nm and size uniformity at 4ºC and pH 7.4, but were not 
tracked over time (Kumar, et al. 2007).  Another study on PMOXA-PDMS-PMOXA vesicles 
showed 200 nm average diameter and uniform size distribution over several weeks in the dark 
(Nardin, et al. 2000), but temperature and pH conditions were not specified.  Size and size 
distribution of vesicles formed from other polymers show varying results.  In particular, dilute 
polyethylene oxide polymer vesicle suspensions have demonstrated stable size and size 
uniformity up to 40 days in temperatures at 37°C and pH 7.4 (Lee, et al. 2001).  Polyester-
polyethylene glycol polymer vesicles stored in neutral pH and 4°C polymer vesicles remained 
stable up to a month, while in acidic pH and at 37°C they degraded into micelles within a few 
hours (Discher and Ahmed 2006).  These studies suggest that polymer vesicles are stable for 
water treatment applications.  However, testing is needed over longer time-scales. 
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Permeability 
 
In addition to size and uniformity measurements, lipid and polymer vesicle stability is 
characterized by monitoring permeability changes.  Stable, intact vesicles are not expected to 
change permeabilities over time.  Changes in permeability may indicate vesicle degradation and 
a loss of membrane integrity.   
 
In fact, liposomes have inherent permeabilities, on the order of 10 to 150 um/s (Borgnia 
1999, Olbrich, et al. 2000).  Application of an osmotic shock or stress can fuse (Cevc 1999) or 
rupture (Nardin, et al. 2000) liposome membranes, also increasing their permeability.  These 
previous studies give some information on liposome permeability; however, extensive studies on 
liposome permeability changes under long-term storage in water treatment conditions have not 
been conducted. 
 
Inherent permeabilities of polymer vesicles are much lower than those for liposomes 
(Discher and Eisenberg 2002), and have been approximated at 10% of liposome permeabilities 
(Discher, et al. 1999).  PMOXA-PDMS-PMOXA polymer vesicles containing AqpZ showed 
high permeabilities exceeding RO membranes (Kumar, et al. 2007), but permeability changes of 
these vesicles were not tracked over time.  
 
Encapsulation and Leakage.  Related to permeability, physical stability of lipid and 
polymer vesicles can also be measured by observing their ability to retain an encapsulated 
molecule over time (Discher and Eisenberg 2002, Lee, et al. 2001, Jesorka and Orwar 2008).  
Leakage of molecules may indicate degradation of the liposome and a loss of vesicle membrane 
integrity (Jesorka and Orwar 2008). 
 
Molecule encapsulation within liposomes has been widely demonstrated with the degree 
of encapsulation dependent on the size of the molecule being contained (Discher and Eisenberg 
2002, Szoka and Papahadjopoulos 1980).  Charged lipids are more effective at encapsulating 
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molecules (Grit and Crommelin 1993).  Studies show varying degrees of encapsulation and 
containment of molecules within liposomes (Ellens 1984, Riaz 1995, Grit and Crommelin 1992).  
 
Liposome leakage is observed at acidic pH, as seen in the leakage of ANTS fluorescence 
from phosphatidylethanolamine-cholesterol liposomes at pH lower than 5 (Ellens 1984), the 
leakage of calcein from PE-palmitoylhomocystein  liposomes after decreasing pH from 7 to 5 
(Riaz 1995), and the release of carboxyfluorescein (CF) from PC liposomes at low pH.  The 
latter result likely occurred from the deprotonation of CF (Ellens 1984).  However, even at pH 
4.5, PC liposomes exhibit very little leakage of ANTS fluorescence (Ellens 1984).  The presence 
of divalent cations can also induce leakage in liposomes, as seen in PS liposomes releasing CF 
fluorescence in the presence of Ca2+ (Ellens 1984). 
 
Liposome leakage is also observed under storage at temperatures 40ºC and higher.  For 
example, fluorescence-containing lyso-PC liposomes prepared by inducing the leak-in of calcein 
at 60°C showed no calcein leakage at 40ºC for 15 – 25 days (Grit and Crommelin 1992).  
Dipalmitoylphosphatidylcholine liposomes released their contents upon storage at 40°C (Cevc 
1999). 
 
While limited studies have monitored liposomes in water treatment conditions, multi-
lamellar vesicles composed of PC and phosphatidylethanolamine showed no chemical 
degradation in the absence of light and oxygen and leaked less than 5% of encapsulated sucrose 
after 6 months at pH 7.4 and 22°C (Riaz 1995). 
 
In polymers, molecule encapsulation has been well demonstrated (Discher and Eisenberg 
2002), but varies widely in efficiency (Lee, et al. 2001).  Upon successful encapsulation in 
polymer vesicles, dextrose and sucrose were retained in polymer LUV over the course of several 
months (Discher and Eisenberg 2002).  It is expected that molecules can remain inside the 
vesicle for long time periods.  On the other hand, polymer vesicles have been observed to 
undergo membrane degradation that induced controlled leakage of their contents over time 
(Discher and Ahmed 2006).  Polymers with lower molecular weight tend to form polymer 
vesicles that are more susceptible to degradation and leakage (Discher and Ahmed 2006).  
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Inconsistency of encapsulation and leakage results observed in previous research in lipids 
as well as the limited research on leakage of ABA vesicles warrant further investigation.  
Moreover, additional research is needed to investigate long-term membrane integrity of vesicles 
in water treatment conditions. 
 
Selectivity and ion rejection 
 
Evaluation of selectivity and ion rejection properties assesses the ability of vesicle 
membranes to adequately exclude or separate unwanted constituents.  Evaluating these properties 
will assess the suitability of biological and biomimetic materials for their proposed applications 
in water treatment and the medical field.  
 
Despite their inherent water permeabilities, liposome membranes exhibit good selectivity 
and ion rejection.  Most multivalent ions and macromolecules impermeable to intact, non-
degraded membranes, while smaller, more lipophilic ions are less likely to be rejected (Li, Hu 
and Malmstadt 2011).  Liposomes constructed from E.coli lipid extract were observed to have 
high rejection of monovalent cations (Olbrich, et al. 2000) and large macromolecules (Borgnia 
1999).  However, permeation of monovalent ions was observed upon accumulating a charge 
imbalance across a membrane, and permeation was reversed upon release of the charge 
imbalance (Gurtovenko and Vattulainen 2007).  These contradictory findings warrant more study 
on liposome selectivity and ion rejection, with focus on stability over long time periods and in 
water treatment conditions. 
 
Analogous with their low inherent water permeability, polymer vesicles show high 
selectivity and ion rejection.  In particular, PMOXA-PDMS-PMOXA polymer vesicle 
membranes exhibited high rejection of salt, urea, glucose, and glycerol (Kumar, et al. 2007).  
These results coupled with low leakage properties make polymers promising for use in water 
treatment membranes.  However, further testing is needed to evaluate long-term changes under 
water treatment conditions. 
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Mechanical Properties 
 
Lipid and polymer vesicle stability can also be measured by studying their mechanical 
properties, such as elasticity, electromechanical, and rupture properties, under conditions seen in 
water treatment.  Previous studies used rheological (Gershfeld 1997) and micropipette aspiration 
(Discher, et al. 1999, Lee, et al. 2001) methods to probe mechanical properties.  It is worth 
noting that rheological methods to study mechanical properties have been more commonly 
applied to biological cells, and there is some concern about the ability of these methods to 
directly stress vesicle membranes, complicating the applicability of this method to obtain a valid 
measurement of the mechanical properties of the vesicle membrane.   
 
In liposomes, suspensions of PC and 1,2-Dimyristoyl-sn-glycero-3-phosphorylcholine 
large unilamellar vesicles subjected to shear forces applied by a rotating disk show rupture at 22 
and 29°C, respectively (Gershfeld 1997).  Rupture tension, a measure of elasticity, for various 
PC liposomes was 3-10 mN/m as measured with micropipette aspiration (Olbrich, et al. 2000).   
 
For polymer vesicles, electromechanical stability was shown to increase with increasing 
molecular weight (Discher and Eisenberg 2002).  Membrane interfacial tension, a measure of 
elasticity, of polymer vesicles was measured using micropipette aspiration, at 25 mN/m, and 
independent of molecular weight (Discher and Eisenberg 2002).  Elasticities of polyethylene 
oxide-polyethylethylene polymer vesicles were similar to those of 1-Stearoyl-2-oleoyl-sn-
glycero-3-phosphocholine liposomes (Lee, et al. 2001).   
 
Even though elasticities of polymer vesicles and liposomes are similar, rupture forces for 
polyethylene oxide-polyethylethylene polymer vesicles were 5 to 50 times those for 1-stearoyl-2-
oleoylphosphatidylcholine -cholesterol liposomes using micropipet aspiration (Discher, et al. 
1999, Lee, et al. 2001).  This suggests that polymer vesicles are mechanically tougher than 
liposomes, which may be favorable for desalination applications.  However, more work is 
needed to confirm polymer vesicle superior mechanical strength and stability over liposomes, 
specifically under flow conditions typical in water treatment applications. 
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Destabilization Mechanisms 
 
A large amount of literature discusses liposomes and liposome stability; however, only a 
small fraction of this research focuses on their long-term stability in conditions pertinent to water 
treatment.  My literature review on stability offered information on the mechanisms of liposome 
destabilization. 
 
The primary mechanisms for physical and chemical destabilization of liposomes are 
aggregation and fusion(Jesorka and Orwar 2008, Cevc 1999, Riaz 1995, Thompson, Haisman 
and Singh 2006, Yohannes, et al. 2006).  Liposome aggregation is a reversible process caused by 
Vanderwaals forces from liposome surface charges (Heurtault, et al. 2003).  Liposome fusion is 
an irreversible process that involves liposome breakage and subsequent re-formation (Heurtault, 
et al. 2003).  Liposome aggregation and fusion are caused primarily by oxidation and hydrolysis 
(Jesorka and Orwar 2008, Grit and Crommelin 1993, Heurtault, et al. 2003).  
 
Oxidation of liposomes may occur under exposure or storage in light (Grit and 
Crommelin 1993, Heurtault, et al. 2003), oxygen (Grit and Crommelin 1993, Heurtault, et al. 
2003), or high temperatures (Grit and Crommelin 1993).  Liposome hydrolysis can occur at pH 
outside of physiological pH (Jesorka and Orwar 2008), with the lowest rate of hydrolysis seen at 
pH 6.5 (Grit and Crommelin 1993).  Hydrolysis (Grit and Crommelin 1993) or oxidation 
(Heurtault, et al. 2003) degrades liposome membranes, increasing their permeability and 
undermining their high selectivity properties.  
 
Conditions causing liposome aggregation include storage in solutions containing divalent 
cations (Cevc 1999, Riaz 1995, Szoka and Papahadjopoulos 1980), monovalent anions (Cevc 
1999), and metal ions (Heurtault, et al. 2003).  Charged lipids are more resistant to aggregation 
(Grit and Crommelin 1993).  The most pronounced aggregation effects occur in the presence of 
the divalent ion Ca2+.  Aggregation effects from divalent ions were observed in PS liposomes in 
stored in 2.5-7 mM Ca2+ (Roldán-Vargas, et al. 2007), through the decrease in PS liposome 
diffusion coefficient over a few hours.  Aggregation is proposed to induce leakage of CF in PS 
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liposomes in the presence of Ca2+ (Ellens 1984).  However, even stored at the high concentration 
of 26mM Ca2+, no aggregation was seen in PC liposomes for 14 days at 4°C (Yohannes, et al. 
2006).  Effects of aggregation would be revealed in stability measures by larger vesicle sizes 
with less size uniformity. 
 
Conditions that cause aggregation can, under continued exposure, eventually induce 
liposome fusion.  Divalent ions (Cevc 1999, Riaz 1995, Szoka and Papahadjopoulos 1980) or 
low pH (Ellens 1984, Bailey 1997) can cause liposome fusion. Dioleoylphosphatidylcholine-
dioleoylphosphatidylethanolamine-phosphatidylinositol liposomes fused in the presence of 
8.5mM Ca2+, which exceeds the Ca2+ concentration inducing aggregation (Bailey 1997).  
Deprotonation under these conditions most likely neutralizes head groups on PS liposomes 
stored in 75mM Ca2+, triggering fusion (Bailey 1997).  Liposomes undergoing subsequent drying 
and rewetting cycles can also undergo fusion (Cevc 1999) or micelle formation (Bailey 1997, 
Heurtault, et al. 2003).  Micelles are spherical aggregations of phospholipids that are not hollow; 
they form once phospholipid concentration falls below a certain concentration called the critical 
micelle concentration (Jesorka and Orwar 2008).  Effects of fusion would be revealed in stability 
measures through changes in vesicle size and uniformity, permeability and leakage, selectivity, 
and mechanical properties.   
 
The mechanisms of destabilization for polymer vesicles are similar to liposomes and 
include aggregation and fusion (Discher and Eisenberg 2002) from hydrolysis and oxidation.  
For example, hydrolysis was the cause of induced leakage of polymer vesicle contents over time 
(Discher and Ahmed 2006).  However, the exact conditions contributing to destabilization of 
polymer vesicles are not well understood.  Analogous to liposomes, storage of polymer vesicles 
in temperatures and neutral pH conditions common in water treatment does not appear to 
destabilize vesicles.  
 
Summary  
 
This thesis investigates the long-term physical and chemical stability, and mechanical 
properties for lipid and polymer vesicles, with and without the incorporation of AqpZ, under 
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water treatment conditions.  Based on the size stability, permeability, selectivity, membrane 
integrity, and mechanical properties observed in previous studies, ABA triblock co-polymers 
such as PMOXA-PDMS-PMOXA appear to be a potential candidate for use in biomimetic 
membranes in desalination.  Because research literature suggests physical and chemical stability 
in liposomes under temperature and pH conditions typical in water treatment, our research also 
tests phospholipid vesicles to provide a benchmark for comparison and to refine experimental 
methods. 
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CHAPTER 2 – MATERIALS AND METHODS  
 
Materials 
 
Phosphatidylcholine (PC), phosphatidylserine (PS), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and 
1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) were obtained from Avanti Polar Lipids 
(Alabaster, AL).  Triblock co-polymers PMOXA15-PDMS110-PMOXA15 (ABA3), PMOXA10-
PDMS87-PMOXA10 (ABA-SE1), and PMOXA20-PDMS41-PMOXA20 (ABA-SK6) were obtained 
from Dr. Wolfgang Meier (University of Basel, Switzerland).  Ampicillin (Amp), Isopropyl β-D-
1-thiogalactopyranoside (IPTG), Phenylmethanesulfonyl fluoride (PMSF), β-mercaptoethanol 
(BME), Deoxyribonuclease I (DNaseI) was obtained from Sigma Chemical Company (St. Louis, 
MO).  n-Dodecyl β-D-maltoside (DDM) was obtained from Affymetrix, Inc. (Maumee, OH). 
 
Protein Preparation 
 
Aquaporin Z (AqpZ) water channel protein for use in lipid and polymer vesicles was 
prepared using Escherichia coli strain JM109 containing the plasmid pTrc10HisAqpZ (Kumar, et 
al. 2007).  E.coli strains containing this plasmid are able to overexpress histidine-tagged AqpZ, 
using methods developed previously (Borgnia 1999, Kumar, et al. 2007).  E.coli containing the 
overexpression plasmid were streaked on Luria-Bertani Lennox (LB) agar plates with 50 ug/ml 
Amp and incubated overnight at 37°C.  A starter culture was prepared by inoculating an 
individual colony to 10ml of LB medium with 50 ug/ml Amp and incubating at 37°C for 18 
hours.  This starter culture was transferred to 1L of LB medium with Amp and incubated at 37°C 
while shaking until an optical density of 1.5 at 600 nm was reached.  Cells were then induced 
with 1 mM IPTG, and further incubated at 37 °C for 8 hours.  The induced cells were centrifuged 
for 30 minutes at 5000g at 4°C, and the pellet was stored at  -80°C.  Prior to lysis, pellets were 
resuspended in ice-cold buffer containing 1.05 M K2HPO4, 1.1 M MgSO4, pH 7.0, 10mM PMSF, 
and 1 mg/ml DNaseI.  Cell were then lysed using a Model 500 with Branson Tip Model 101-
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148-062 horn sonicator (Fisher Scientific, Waltham, MA) for three 5-minute cycles, each 
alternating between 3-second pulses at 35% amplitude and 3 seconds off.  Cells remained on ice 
for 5-minute intervals between sonication cycles.  Lysed samples were centrifuged for 30 
minutes at 10,000g.  The supernatant was further ultracentrifuged at 140,000g for 1 hour at 4°C.  
Pellet was resuspended in 15 ml of solubilization buffer containing 1.5% DDM, 0.1 M K2HPO4 , 
0.2 M NaCl, 10mM imidazole, 10% glycerol, 5mM BME, pH 8.0; homogenized using a glass 
homogenizer (Wheaton Science Products, Millville, NJ); and incubated on ice while shaking.  
Solubilized AqpZ was incubated with pre-washed nickel-NTA agarose beads (QIAGEN, 
Germantown, MD) on ice for 2 hours.  Beads were then packed into a column and washed in 10 
ml of buffer solution containing 0.03% DDM, 0.1 M K2HPO4, 0.2 M NaCl, 10% glycerol, 5mM 
BME, 20mM imidazole, at pH 7.0.  Beads were then washed with a second buffer solution with 
the same composition except imidazole concentration was increased to  100mM.  Finally, AqpZ 
was eluted from the column by washing several times with an elution buffer containing 0.15% 
DDM, 0.1 M K2HPO4, 0.2 M NaCl, 1 ml glycerol, 5mM BME, 1M imidazole, at pH 7.0.  
Washes and elutions were run on a 20% SDS-Polyacrylamide  (SDS-Page) gel at 125-150V.  
AqpZ concentration from washes and elutions was determined using a bovine serum albumin 
assay (BSA; Thermo Fisher Scientific, Rockford, IL).  AqpZ was stored in 4°C for up to six 
months. 
 
Vesicle Preparation 
 
Unilamellar lipid and polymer vesicles with relatively uniform size distribution were 
prepared using film rehydration followed by extrusion and size exclusion methods developed 
from techniques in Kumar et al (2007).  Generally, vesicles were prepared in 1X phosphate-
buffered saline (PBS) containing 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4.7H2O, and 1.4 
mM KH2PO4, and at pH 7.2.  Low- and high-salinity vesicles were prepared in 1X PBS buffers 
with 14mM or 600mM NaCl, with other constituent concentrations unchanged.  Vesicles in 
artificial seawater (ASW) were prepared in a solution containing 409 mM NaCl, 54 mM Na2SO4, 
5 mM KCl, 2 mM NaHCO3, 0.8 mM KBr, 53 mM MgCl2, 10 mM CaCl2, and pH 7.2, as in 
Ladner et al (2010). 
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For lipid vesicles, 10-50 mg of lipid in chloroform from 10 or 25 mg/ml stocks were 
added to a round-bottom flask.  For polymer vesicles, 4-12 mg of polymer were dissolved in a 
flask with 2-3 ml of chloroform.  The flask was then placed onto a Wheaton NE-1 rotary 
evaporator (Wheaton Science Products, Millville, NJ) to evaporate chloroform under full 
vacuum, then stored under vacuum in a Savant SpeedVac® (Thermo Fisher Scientific, Inc., 
Pittsburgh, PA) for at least an hour.  Samples were then rehydrated with 1X PBS, resulting in a 
concentration of 1 ml per 3–4 mg lipid or polymer.  For selectivity testing, additional samples 
were rehydrated in 1X PBS with 14mM, and 600mM NaCl, and in ASW.  Detergent was added 
at 0.02% and 0.03% DDM for lipids and polymers, respectively.  For protein-incorporated 
vesicles, AqpZ stock was added for a final molar ratio of 1:100 AqpZ:lipid or AqpZ:polymer.  
After rehydration, samples were vortexed or sonicated to lift the film off the flask.  Samples were 
then stored at 4°C under moderate stirring for 1 or 3 days, for lipids and polymers, respectively.  
Polymer films were vortexed again after 8 hours of stirring to assist in vesicle formation and then 
returned to moderate stirring. 
 
Samples were extruded using a LIPEXTM stainless steel barrel extruder (Northern Lipids 
Inc., Burnaby, Canada) at 30 psi through Whatman polycarbonate membranes (GE Healthcare, 
Piscataway, NJ) to give unilamellar vesicles.  Samples were passed 2 times through 1.0-um 
membranes, 2 times through 0.6-um membranes, 2 times through 0.4-um membranes, and 3 
times through 0.2-um membranes.  Extruded samples were then size excluded to ensure size 
uniformity.  Samples were passed through a pressurized Superdex 200 column with Sephacryl S-
500 HR media using an AktaPrimeTM instrument with PrimeViewTM software (GE Healthcare, 
Piscataway, NJ) at a flowrate of 0.5 ml/min.  Absorbance of the sample was recorded as it exited 
the column.  Sample fractions were collected starting at 6 minutes after sample injection, which 
coincided with an increase in absorbance.  Fractions of similar vesicle sizes, usually collected 
during the absorbance peak, were combined as the final sample.  Typical curves from size 
exclusion chromatography are shown in Figure 1.  A narrow size exclusion curve indicates more 
uniform vesicles.  After preparation, 0.2% sodium azide (Sigma Chemical Company, St. Louis, 
MO) was added to samples to inhibit biological growth.  Samples were then stored at room 
temperature (approximately 20°C) to evaluate long-term stability. 
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(a) 
Figure 1. Representative absorbance curves at 600 nm wavelength UV from size exclusion 
chromatography for (a) POPC-only vesicles prepared in November 2011 and (b) ABA3-only 
vesicles prepared in January 2012. 
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(b) 
Figure 1.  (cont.) 
 
Viewing Vesicles under TEM 
 
To confirm the formation of vesicles, vesicles were viewed under transmission electron 
microscopy (TEM) using a JEM-2100F TEM with LaB6 emitter (JEOL USA, Inc., Peabody, 
MA).  Representative samples were chosen for imaging. Ultrathin holey carbon grids supported 
on gold mesh (Ted Pella, Inc., Redding, CA) were prepared for vesicle application by charging 
for 2 minutes under a Denton DPG-1 glow-discharge system (Denton Vacuum Inc., 
Moorestown, NJ) at 200 mA.  Vesicles were diluted at 1:100 or 1:200 by volume in 1X PBS.  
Diluted vesicles were then incubated on the charged carbon grids for 2 minutes, blotted, stained 
with 1% uranyl acetate dye (SPI, West Chester, PA) for 1 minute and blotted again.  Grids were 
air-dried for several minutes before viewing.  Grids were viewed at 200 kV and 110 uA e-beam 
current, and several images were acquired per grid at approximately 50k to 200k times 
magnification.  Images were then evaluated qualitatively to confirm vesicle formation. 
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Determination of Size and Size Distribution of Vesicles 
 
Size and size uniformity of lipid and polymer vesicles were measured using dynamic 
light scattering (DLS) on a ZetasizerTM Nano ZS90 (Malvern Instruments Ltd., Malvern, UK) 
apparatus using a 632.8-nm He-Ne gas laser at 12.8° and 90°.  Changes in size and size 
uniformity of vesicle suspensions were tracked over time to assess stability.   
 
Lipid vesicles were diluted in 1X PBS at 1:10 by volume prior to measuring. Polymer 
vesicles were generally not diluted before measurement.  A 300-ul sample was pipetted into a 
disposable cuvette, placed in the DLS apparatus, and measured 3 times.  Samples were measured 
using a refractive index of 1.47, an absorption value of 0.10, at a temperature of 25°C.  The 
hydrodynamic diameter (DH) and polydispersivity index (PDI) determined by DLS were used to 
quantify vesicle size and size distribution, respectively.  Final values for DH and PDI were 
calculated as the average of the 3 measurements.  
 
Membrane Integrity 
 
Integrity of vesicle membranes over time was evaluated using a CF leakage assay.  
Leakage through membranes over time may suggest instability through decreasing membrane 
integrity.  Vesicles containing fluorescent dye were prepared by rehydrating films with 5,6-
carboxyfluorescein dye (Life Technologies Molecular Probes®, Carlsbad, CA) during formation 
to make a final concentration of 2 mM in the sample.  Fluorescence of vesicles was measured 
using a SPECTRAmax® PLUS384 microplate spectrophotometer (Molecular Devices 
Corporation, Sunnyvale, CA).   
 
A standard curve was prepared to calibrate the fluorescence readings.  First, CF dye was 
diluted in 1X PBS to prepare a 5-mM CF stock solution.  The 5-mM CF stock was serially 
diluted in 1X PBS at ratios of 1:1 to 1:2000 CF:PBS by volume to make several solutions 
decreasing in CF concentration.  An aliquot of 1X PBS with no CF was also prepared.  180 ul of 
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each serial dilution of CF:PBS and the 1X PBS aliquot was pipetted into each of 3 wells onto a 
black 96-well microplate (Corning Life Sciences, Union City, CA).  The microplate was 
measured in the SPECTRAmax® to obtain fluorescence readings.  The 3 readings for each 
dilution were averaged.  These average fluorescence readings were plotted against the CF 
concentration of each dilution to obtain the standard fluorescence curve. 
 
To determine the amount of CF encapsulated in vesicles, 500 ul of a vesicle solution, 
either un-dilute or diluted at 1:1, 1:5, or 1:10 by volume depending on original sample 
concentration, was pipetted into an Amicon 30kDa centrifuge filter device (Millipore Corp., 
Billerica, MA), and spun in an Eppendorf 5415D microcentrifuge (Eppendorf NA, Hauppauge, 
NY) for 6 cycles of 15 minutes each at 14,400g and 20°C.  After each cycle, the liquid that 
passed through the filter (centrate) was removed from the microcentrifuge tube, and 1X PBS was 
added to the liquid remaining on top of filter (retentate) to make up 500 ul.  After the last cycle, 
the final centrate volume was removed, and 1X PBS was added to the retentate to restore the 
original sample volume of 500 ul.  
 
The centrifuged sample was pipetted onto 2–3 wells of a microplate, and the microplate 
was measured in the SPECTRAmax® to obtain fluorescence readings.  All readings for the 
sample were averaged, and the average reading was plotted against the standard curve to obtain 
the CF concentration in the centrifuged sample.  If the sample was diluted prior to centrifugation, 
then the CF concentration was back-calculated for the undiluted sample.  CF concentrations of 
vesicle samples were measured over time to determine leakage through vesicle membranes to 
assess changes in membrane integrity.   
 
Permeability of Vesicles 
 
Permeability of vesicles was tracked over time through stopped-flow spectroscopy 
(Borgnia 1999) using a SX.17 MV spectrometer (Applied Photophysics, Surrey, UK).  Samples 
were tested once every 3–8 weeks over several months to assess temporal changes in 
permeability.   
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For each test, a vesicle sample was diluted at 1:5 or 1:10 by volume in 1X PBS.  An 
equal volume of hyper- or hypo-osmotic solution was then injected with the diluted vesicle 
sample to induce vesicle shrinkage or swelling, respectively, which caused changes in light 
scattering that was detected in the stopped-flow apparatus.  These injections were conducted 5-
10 times per test to ensure repeatability.  Tests were conducted at 10°C and 600 nm wavelength 
light.  Samples were subjected to a 1M NaCl hyper-osmotic shock to shrink vesicles, unless 
otherwise noted.  Light-scattering output for each test was averaged, normalized, and used with 
the following equation by Borgnia et al (1999) to calculate vesicle permeability: 
 
€ 
Pf = k S Vo( )∗Vw ∗Δ osm[ ]  
 
where Pf = permeability; k = initial rise or fall of light scattering fitted to an exponential rise 
equation; S/Vo = specific surface area of vesicles, where S is initial vesicle surface area and Vo is 
initial vesicle volume; Vw = molar volume of water, and Dosm = osmolarity gradient across the 
vesicle membrane.   
 
Selectivity/Ion Rejection of Vesicles 
 
Selectivity and ion rejection properties for vesicles prepared in varying salinities were 
calculated using the method described in Meinild et al (1998).  Selectivity was evaluated using a 
reflection coefficient, which is the ratio of vesicle water permeabilities of a given solute 
compared to a reference solute.  An impermeable solute is chosen as a reference solute, and the 
water permeability is expected to be higher for the reference versus other solutes. 
 
Permeabilities of lipid and polymer vesicles diluted at 1:5 or 1:10 by volume subjected to 
a +1osM solution of NaCl, MgCl2, Na2SO4,, or glucose were measured as described in 
“Permeability of Vesicles.”  Glucose was chosen as a reference solute.  Reflection coefficients 
were calculated for NaCl, MgCl2, or Na2SO4.  A reflection coefficient of 1 for a particular solute 
indicates complete rejection of those ions in that solute, while values less than 1 indicate some 
permeability of those ions through a membrane (Meinild, Klaerke and Zeuthen 1998).  
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CHAPTER 3 – RESULTS 
 
This research investigates the long-term physical and chemical stability of lipids and 
polymers under water treatment conditions.  Because of their similarity to PMOXA-PDMS-
PMOXA, phospholipids provide a benchmark for comparison to PMOXA-PDMS-PMOXA. 
Spherical lipid and polymer vesicles with and without AqpZ were prepared, and their long-term 
stability was evaluated.  Size and uniformity, membrane integrity, and permeability of vesicles 
were monitored over time.  Selectivity of lipid vesicles was measured to assess their ion rejection 
properties.  Results characterize the long-term stability of these materials in water treatment 
conditions and assess their potential use in water treatment desalination membranes. 
 
Vesicle Formation 
 
To confirm vesicle formation, lipid and polymer (Figure 2) vesicles were viewed with 
TEM.  These representative images show successful formation of spherical lipid and polymer 
vesicles.  
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(a) 
 
(b) 
Figure 2.  Representative TEM images for (a) 70:15:15 mol% POPC:POPE:DOPA lipid vesicles, 
diluted 1:50 by volume, prepared September, 2010, (b) 80:20 mol% PC:PS lipid vesicles with 
CF, diluted 1:50 by volume, prepared March, 2011, and (c) ABA3-only polymer vesicles, diluted 
1:50 by volume, prepared August, 2010.  Reference scales are shown on each image.  
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(c) 
Figure 2.  (cont.) 
 
Vesicle Characterization over time 
 
To evaluate the long-term stability of lipid vesicles, size and uniformity were monitored 
with DLS over time.  Lipid and polymer vesicles stored at room temperature and neutral pH 
were observed to be stable in size and uniformity for up to over a year. 
 
Lipids 
 
Average diameter of vesicles was measured using DLS.  Little to no changes in size were 
observed in 80:20 mol% PC:PS liposomes over the entire monitoring period, for over a year 
(Figure 3a).  Size stability was observed over 6 months of monitoring in 70:15:15 mol% 
POPC:POPE:DOPA vesicles and over 8 weeks in POPC-only vesicles, respectively (Figure 3a).   
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70:15:15 mol% POPC:POPE:DOPA vesicles inserted with 1:100 mol% AqpZ had larger 
average vesicle sizes than those with no AqpZ, and the size of these vesicles fluctuated over 
time.   
 
Size uniformity was measured using PDI values from DLS.  Vesicle suspensions with 
PDI values less than 0.25 were considered to have uniform size distribution.  PDI values for most 
liposomes remained under 0.25 over time, indicating size uniformity (Figure 3b).  The PDI value 
for one replicate of 80:20 mol% PC:PS slightly exceeded 0.25 after six months, but showed little 
change thereafter.   
 
70:15:15 mol% POPC:POPE:DOPA liposomes with AqpZ showed PDI values higher 
than 0.25 that fluctuated over time, indicating non-uniformly sized vesicles. 
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(a) 
Figure 3.  Average (a) DH and (b) PDI over time for lipid and AqpZ:lipid vesicles.  All replicates 
are shown.  Data is the average of triplicate DLS measurements taken on a sample volume, and 
standard deviations are shown.  Abbreviations refer to phospholipid type and sample number.  
CF refers to vesicles encapsulated with CF dye.  AqpZ refers to AqpZ-incorporated vesicles.  All 
replicates were prepared in 137mM NaCl, unless otherwise noted. 
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(b) 
Figure 3.  (cont.) 
 
Polymers 
 
Similar to liposomes, DLS was used to evaluate the stability of size and uniformity over 
time in polymer vesicles.  Material constraints limited observations on ABA3, so fewer 
replicates were performed.  Size stability was seen in ABA3 polymer vesicles over the entire 
monitoring period, for over a year (Figure 4a). All available data is shown here.  
 
Analogous to liposomes, vesicle suspensions with PDI values less than 0.25 were 
considered as uniform.  PDI values for ABA3 polymer vesicles remained below 0.25 over the 
entire monitoring period, indicating size uniformity (Figure 4b).  
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(a) 
 
Figure 4.  Average (a) DH and (b) PDI over time for polymer vesicles.  All replicates are shown.  
Data is the average of triplicate DLS measurements taken on a sample volume, and standard 
deviations are shown.  Abbreviations refer to polymer type and sample number.  All replicates 
were prepared in 137mM NaCl. 
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(b) 
Figure 4.  (cont.) 
 
Vesicle Membrane Integrity 
 
To directly measure membrane integrity, fluorescence leakage assays were attempted on 
lipid and polymer vesicles.  Previous research shows the successful use of leakage assays to 
monitor membrane integrity of lipid vesicles (Discher and Eisenberg 2002), and leakage of 
vesicle contents over time may indicate vesicle degradation and a loss of membrane integrity.  
However, my leakage assays were not successful.   
 
Lipids 
 
Lipid vesicles released most of their encapsulated fluorescent CF dye within 0 to 2 days 
after preparation (Figure 5).  Because of the short time frame of fluorescence release, this 
leakage assay is not suitable for testing membrane integrity of liposome membranes with and 
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without AqpZ over time.   
 
Polymers 
 
Leakage assays were attempted on polymer vesicles, but were also unsuccessful.  CF dye 
was added to 2 separate polymer vesicle preparations.   However, neither preparation formed 
vesicles, preventing the assessment of membrane integrity using this method.  
 
(a) 
 
Figure 5.  The leakage over time of encapsulated CF fluorescence from (a) 80:20 mol% PC:PS 
lipid vesicles prepared March, 2011, and (b) 80:20 mol% PC:PS lipid vesicles prepared June, 
2011, measured from fluorescence leakage assay.  Mass of CF dye data is determined from the 
average of triplicate fluorescence readings, and standard deviations are shown.  Encapsulated CF 
is the CF dye remaining inside vesicle and calculated from post-centrifuged sample.  Sample CF 
refers to total CF dye inside and outside of vesicles, and was measured in the pre-centrifuged 
sample. 
 
 
 
 
31 
 
(b) 
Figure 5.  (cont.) 
 
Vesicle Permeability over time 
 
As an independent measure of vesicle membrane integrity, permeabilities of lipid and 
polymer vesicles over time were measured over time using stopped-flow testing.  An increase in 
permeabilities over time may indicate vesicle degradation. Permeability results on liposomes 
with and without AqpZ remain stable or decrease over time and do not indicate membrane 
degradation. 
 
Light-scattering curves from stopped-flow testing showed size changes for liposomes 
under osmotic shock, reflecting their known permeability to water (Borgnia 1999), while 
polymer vesicles showed no vesicle size changes when subjected to an osmotic shock (Figure 6).  
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(a) 
Figure 6.  600 nm-wavelength light scatter from vesicle size changes during stopped-flow testing 
for (a) 80:20 mol% PC:PS-only and (b) ABA3-only vesicles.  Osmotic shock of +1osM NaCl 
was applied to vesicles.  Different time scales are displayed for (a) and (b). 
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(b) 
Figure 6. (cont.) 
 
Lipids 
 
Permeabilities of lipid vesicles did not appear vary widely among different 
phospholipids, ranging from 10 to 60 um/s, and were observed to be stable or slightly decrease 
up to 250 days (Figure 7a), as seen in 80:20 mol% PC:PS, 70:15:15 mol% POPC:POPE:DOPA, 
and POPC liposomes.  Vesicles with 1:100 mol% AqpZ:lipid concentration showed initial 
permeabilities 100-times greater than those of lipid-only vesicles (Figure 7b).  This increase is 
expected with the incorporation of AqpZ and was observed in polymer vesicles (Kumar, et al. 
2007).  This permeability decreased 20% after 150 days, and an additional 60% after 200 days.  
However, even after 200 days, the lipid-AqpZ vesicle permeability exceeds those of lipid-only 
vesicles by 2- or 3-fold.  The change in the rate of permeability decrease may have been caused 
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by changing storage conditions, since the vesicle were initially stored at 4ºC, and moved to room 
temperature after 150 days.  
 
Polymers 
 
The permeability of polymer vesicles was not tested over time because stopped-flow light 
scattering curves showed very little to no size change for ABA3-only vesicles after the 
application of osmotic shock (Figure 6b). 
  
(a) 
Figure 7.  Stopped-flow results over time for (a) lipid-only vesicles and (b) including lipid 
vesicle with AqpZ.  All replicates are shown. Abbreviations refer to phospholipid type and 
sample number.  CF refers to vesicles encapsulated with CF dye. AqpZ refers to AqpZ-
incorporated vesicles.  Data is the average of several SF measurements during one test, and 95% 
confidence intervals are shown.  Osmotic shock of +0.001 osmol/cm3 NaCl was applied to 
vesicles. All replicates were prepared in 137mM NaCl, except for the POPC #2 replicate 
prepared in 600mM NaCl. 
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(b) 
Figure 7.  (cont.) 
 
Effects of Salinity 
 
Lipid vesicles were prepared in different salinities of PBS and ASW to examine the 
effects of salinity of vesicle stability.  After preparation, the size, uniformity, and permeability of 
these vesicles were monitored over time to assess their stability.  During the monitoring period of 
5 weeks, vesicles in different salinities of PBS remained stable, while vesicles in ASW showed 
fluctuations in size, uniformity, and permeability.  
 
Salinity had little effect on the size stability and uniformity of POPC-only (Figure 3) and 
80:20 mol% PC:PS liposomes  prepared in different salinities of PBS (Figure 8).  However, 
larger vesicle sizes and size fluctuations were observed in 80:20 mol% PC:PS liposomes 
prepared in ASW (Figure 8).  Additionally, PDI values for ASW vesicle exceeded the 0.25 
threshold, indicating non-uniform vesicle sizes.   
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Permeabilities over time for liposomes prepared in different salinities of PBS and ASW 
fell within the range of those prepared in the baseline salinity of 137mM NaCl.   Permeabilities 
for the PBS vesicles did not show changes greater than baseline PBS vesicles.   The data for 
ASW liposomes, however, showed more fluctuations (Figure 9), as indicated in the greater error 
bars for those permeability tests.  Permeabilities of 80:20 mol% PC:PS liposomes generally 
increased with increasing salinity, with the highest permeabilities and variations seen in vesicles 
prepared in ASW (Figure 9). 
 
(a) 
 
 
Figure 8.  Average (a) DH and (b) PDI over time for 80:20 mol% PC:PS vesicles prepared in 
different salinities of PBS and ASW.  All replicates are shown.  Data is the average of triplicate 
DLS measurements taken on a sample volume, and standard deviations are shown.  
Abbreviations refer to phospholipid type, sample number, and buffer salinity.   
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(b) 
Figure 8.  (cont.) 
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Figure 9.  Stopped-flow results over time for 80:20 mol% PC:PS liposomes prepared in different 
salinities and ASW.  All replicates are shown.  Abbreviations refer to phospholipid type and 
sample number.  Data is the average of several SF measurements during one test, and 95% 
confidence intervals are shown.  Osmotic shock of +1 osM NaCl was applied to vesicles. 
Abbreviations refer to phospholipid type, sample number, and buffer salinity. 
 
Vesicle Selectivity/Ion Rejection 
 
To evaluate the selectivity of lipid vesicles prepared at different salinities, vesicle 
permeabilities were measured under osmotic shock by different solutes.  Reflection coefficients 
were calculated from these permeabilities to obtain selectivity and ion rejection properties.  
 
Permeabilities of 80:20 mol% PC:PS liposomes prepared in different salinities of PBS 
and ASW were measured using osmotic shocks from different solutes, including NaCl, MgCl2, 
Na2SO4, and glucose.  On liposomes of the same salinity, permeabilities did not vary 
significantly among different osmotic solutes (Figure 10).  Permeabilities generally increased 
with increasing salinity (Figure 10).  Permeabilities of 80:20 mol% PC:PS liposomes prepared in 
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ASW were observed to be significantly higher and to have larger fluctuations.  Osmolarities 
applied to vesicles were kept at +1 osM to eliminate the effects of varying osmolarity on 
permeability.  
 
Figure 10.  Permeabilities of 80:20 mol% PC:PS vesicles prepared in different salinities and 
ASW, and applied with osmotic shocks from different solutes.  Data is the average of 
permeability for 2 replicates, with 95% confidence intervals shown.  Data is based on initial (day 
0) permeabilities only.  Abbreviations refer to phospholipid type, sample number, and buffer 
salinity. 
 
Vesicle salinity had varying effects on the selectivity and ion rejection of 80:20 mol% 
PC:PS liposomes.  Most liposomes had reflection coefficients close to 1 for monovalent cations 
and anions (Table 1).  However, liposomes showed slightly lower reflection coefficients of 
divalent ions, especially for Na2SO4.  Liposomes prepared in ASW also had a much lower 
rejection coefficient for NaCl.   
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Table 1. Reflection Coefficients of different solutes for 80:20 mol% PC:PS vesicles prepared in 
different salinities and ASW, with 95% confidence intervals shown. 
Osmotic Solute applied at 0.001 osmol/cm3 
80:20 PC:PS 
Buffer 
Glucose 
(reference) 
NaCl MgCl2 Na2SO4 
1X PBS with 
14mM NaCl 
1.00 ± 0.00 1.01 ± 0.00 0.86 ± 0.00 0.75 ± 0.00 
1X PBS with 
137mM 
NaCl 
1.00 ± 0.00 0.97 ± 0.00 0.96 ± 0.02 0.72 ± 0.11 
1X PBS with 
600mM 
NaCl 
1.00 ± 0.00 0.97 ± 0.00 0.95 ± 0.00 0.98 ± 0.00 
ASW 1.00 ± 0.00 0.78 ± 0.66 0.84 ± 0.85 0.99 ± 1.11 
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CHAPTER 4 – DISCUSSION  
 
This research characterized the stability of phospholipid and PMOXA-PDMS-PMOXA 
polymer vesicles to evaluate the feasibility of these materials for biological and biomimitic 
membranes in water treatment desalination.  Prior research examined lipid vesicle stability under 
water treatment conditions but did not monitor effects over longer time periods (Thompson, 
Haisman and Singh 2006, Yohannes, et al. 2006, Grit and Crommelin 1992, Szoka and 
Papahadjopoulos 1980, Ellens 1984, Grit and Crommelin 1992).  Few studies have been 
conducted on PMOXA-PDMS-PMOXA polymer stability (Kumar, et al. 2007, Nardin, et al. 
2000, Lee, et al. 2001, Discher and Ahmed 2006).  AqpZ effects on vesicle stability and its 
activity over time have not been studied.  The short-term effects of mono- and divalent salts on 
liposomes have been extensively studied (Ellens 1984, Gurtovenko and Vattulainen 2007, Cevc 
1999, Riaz 1995, Szoka and Papahadjopoulos 1980, Roldán-Vargas, et al. 2007, Yohannes, et al. 
2006, Bailey 1997), but studies have not examined long-term or seawater effects.  
 
Phospholipid and PMOXA-PDMS-PMOXA vesicles remained stable in size, uniformity, 
and permeability over the course of several months under storage in temperatures and pH 
conditions typical in water treatment.  The incorporation of AqpZ into lipid vesicles improved 
their permeabilities, but did not appear to be stable in size or permeability over time.  However, 
this finding was only based on one replicate.  Phospholipid vesicles without AqpZ demonstrated 
high selectivity of monovalent ions.  Different salinities of PBS did not affect phospholipid 
vesicle time stability or selectivity.  However, phospholipid vesicles prepared in seawater did not 
exhibit the same time stability or selectivity as those prepared in PBS.  These findings are 
discussed more in detail below.  
 
Time stability under water treatment conditions 
 
This work demonstrated that lipid and polymer vesicles without AqpZ remained stable 
for over a year in temperature and pH conditions in water treatment.  This is consistent with prior 
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research under these conditions (Thompson, Haisman and Singh 2006, du Plessis 1996), but over 
a longer time scale.  
 
Polymers are generally thought to be more stable than lipids.  TEM images show that 
polymer vesicles retain a spherical shape even when dried and viewed under vacuum, while lipid 
vesicles appear sunken when placed under vacuum.  Also, polymers did not change in size when 
subjected to osmotic shock, suggesting their inherent impermeability.  This implies that polymers 
are more robust and more stable than lipids. 
 
In the current work, polymer stability was at least comparable to that of liposomes.  Time 
and polymer material constraints prevented a thorough comparison of polymer and lipid vesicles, 
but my findings imply that polymer vesicle could remain stable for years in water treatment 
conditions.  Long-term stability indicates that these materials show great potential for use in 
water treatment, but more replicates on polymer are needed. 
  
AqpZ incorporation 
 
Material constraints prevented a thorough assessment, but the initial results on AqpZ 
incorporation were also positive.  The increased permeability of lipid vesicles with the addition 
of AqpZ is consistent with increases seen in polymer vesicles incorporated with AqpZ (Kumar, 
et al. 2007).  This permeability increase in lipids extends over 200 days, implying that AqpZ is 
still active after this time.  This far exceeds the typical half-lives of 4 hours (Leitch, Agre and 
King 2001) for other aquaporins and shows great promise of AqpZ for long-term use in 
biological and biomimetic materials. 
 
While permeability increases are positive, the effect of AqpZ addition diminished over 
time, implying limited protein stability.  Also, fluctuations in size and uniformity of lipid-AqpZ 
vesicles suggest vesicle instability over time, but exact mechanisms of destabilization are not 
known.  Polymer replicates with AqpZ are needed to assess time stability. 
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Selectivity testing was not conducted on vesicles with AqpZ, but the addition of AqpZ is 
not expected to affect selectivity, since AqpZ exhibited high rejection in previous studies 
(Borgnia 1999, Saparov, et al. 2001).  The high permeability and potential high selectivity 
promotes the use of AqpZ in biological and biomimetic membranes in desalination membranes.  
However, only one lipid-AqpZ replicate was conducted, so more lipid and polymer replicates 
with AqpZ are needed. 
 
Effects of Salinity 
 
Salinity levels did not affect the time stability of lipid vesicles prepared in different 
salinities of PBS.  Salinity levels may have affected vesicle formation, increasing vesicle size 
with increasing salinity.  Vesicles still exhibited size uniformity over time, suggesting stability, 
and high selectivity of monovalent ions, specifically Na+ and Cl-.  This is consistent with prior 
research on the non-degrading effects of monovalent ions on liposomes (Olbrich, et al. 2000).   
 
Lipid vesicles in different salinities showed slightly lower rejection of divalent ions 
because divalent ions deteriorate vesicle membranes.  This is consistent with prior studies 
showing degradative effects of divalent ions on liposomes (Roldán-Vargas, et al. 2007, Bailey 
1997, Riaz 1995, Yohannes, et al. 2006, Cevc 1999, Ellens 1984, Szoka and Papahadjopoulos 
1980). 
 
Lipid vesicles remain stable under different salinity levels, giving potential of these 
materials for desalination.  More long-term tests and tests on polymers are needed to better 
characterize salinity effects over time. 
 
Effects of Seawater 
 
ASW appeared to destabilize lipid vesicles, as exhibited by their fluctuating sizes, non-
uniformity, and permeability changes over time.  Higher and more variable permeability, larger 
size, and non-uniformity of lipid vesicles indicate degradation likely caused by the divalent ion 
 
 
 
 
44 
Ca2+ in ASW, as Ca2+ causes rupture and fusion of liposomes (Roldán-Vargas, et al. 2007, Bailey 
1997, Riaz 1995, Yohannes, et al. 2006). 
 
Lipid vesicles in ASW had a much lower rejection of NaCl than vesicles in other salinity 
conditions.  However, rejection of other solutes by ASW vesicle did not differ from rejection 
from other vesicles, inconsistent with vesicle degradation. 
 
The degradative effects of Ca2+ on lipid vesicle stability and specifically, the lowered 
rejection of NaCl by ASW vesicles challenge the feasibility of these lipids for use in seawater 
desalination.  However, seawater effects on PMOXA-PDMS-PMOXA are unknown, and tests 
are needed to evaluate their feasibility for use in biomimetic desalination membranes. PMOXA-
PDMS-PMOXA polymer vesicles with lipid did not undergo fusion in the presence of Ca2+ 
(Ibragimova 2011), showing ABA3 resistance to Ca2+ degradation.  
 
Implications for Desalination Membranes 
 
Lipid and polymer vesicles show great potential for the use of biomimetic materials in 
desalination membranes.  This was demonstrated by the long-term stability and high selectivity 
of these materials under water treatment conditions and various salinity levels.  However, more 
stability tests are needed on PMOXA-PDMS-PMOXA to better characterize their long-term 
stability.  The increased permeabilities from AqpZ addition may lower the energy requirements 
for operation, but more information is needed on the stability of AqpZ over time and in 
desalination conditions.  The effects of seawater also warrant more study, although the stability 
of PMOXA-PDMS-PMOXA in seawater shows promise (Ibragimova 2011, Mao, Liang and Ng 
2004).  If membranes from these materials are shown to be suitable for reverse osmosis, their 
low operating energy requirements will likely promote its widespread applicability in water 
treatment.   
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CHAPTER 5 – FUTURE WORK 
 
This research focuses on the stability of lipid and polymer to assess their feasibility of use 
in water treatment desalination membranes.  However, this is not a full characterization on the 
stability of these materials.  To supplement current results, more testing is needed on polymer 
and AqpZ to assess their stability over time and in extended storage in seawater.  To complete 
the evaluation of their applicability for desalination, the effects of chlorination and direct 
membrane properties also need to be investigated. 
 
Effects of chlorination 
 
Because desalination membranes are susceptible to organic and inorganic fouling, they 
are constantly exposed to harsh, oxidative cleaning chemicals, such as chlorine (Elimelech 
2011).  While the use of zwitterionic lipids and polymers might reduce fouling in biological and 
biomimetic membranes (Elimelech 2011), membranes may still be cleaned with chlorine.  Thus, 
the effects of lipid, polymer, and AqpZ exposure to chlorine warrant investigation. 
 
Membrane integrity 
 
A direct measure of membrane integrity will provide another way to assess vesicle 
stability to supplement size and permeability testing.  Findings from the current research 
literature and our leakage assay showed inconclusive results on liposomes, and our current 
attempts on polymer vesicle were unsuccessful.  Leakage assays need to be improved so that 
membrane integrity can be properly evaluated.  Improvements to this assay might include using a 
non-polar macromolecule as an encapsulant, such as sucrose (Riaz 1995, Discher and Eisenberg 
2002), or preparing and viewing giant unilamellar vesicles for leakage (Discher, et al. 1999, 
Ibragimova 2011). 
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Mechanical properties 
 
Another way to directly measure the stability of these materials is by investigating their 
mechanical properties.  The suitability of these materials for biological or biomimetic 
desalination membranes depends on their mechanical properties, since membranes are subjected 
to shear and normal stresses from flows during water treatment.  Mechanical properties of 
vesicle have been measured using rheological methods and Atomic Force Microscopy (AFM) 
(Mao, Liang and Ng 2004, Teschke and de Souza 2003).  Results from rheological methods 
measure mechanical properties of particle suspensions, which may not translate to measurements 
on vesicle membranes.  AFM more directly measures vesicle membrane properties.  Methods are 
currently being developed to properly affix and image lipid and polymer vesicles, and probe their 
mechanical properties using AFM.  Mechanical properties of these materials can be measured 
using methods adapted from Mao et al.  (Mao, Liang and Ng 2004) and compared to commercial 
membranes. 
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CHAPTER 6 – CONCLUSION 
 
Biomimetic materials demonstrated long-term stability in typical temperatures and pH in water 
treatment processes.  More importantly, these materials exhibited high permeability along with 
high selectivity properties.  These properties show promise of these materials for use in water 
treatment.  However, the possibility of degradation in seawater needs to be further examined to 
specifically evaluate the use of the materials for desalination.  Additional testing also needs to be 
conducted on the effects AqpZ incorporation, chlorination, and mechanical stresses to better 
characterize their applicability in desalination processes.   
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